We performed an immunohistochemical (IHC) study to determine the follicular expression of growth differentiation factor 9 (GDF-9), anti-Müllerian hormone (AMH), Kit Ligand (KL), and c-Kit in squirrel monkey ovary. Ovarian tissue fragments from 4 squirrel monkeys were collected by laparotomy and processed for classical histology and IHC. Additionally, follicle development was assessed by Ki67 immunostaining to evaluate proliferative status of granulosa cells. A total of 4025 follicles were examined (1475 for classical histology and 2550 for immunohistochemistry). More than 80% of the evaluated follicles were morphologically normal. The GDF-9 protein was detectable in oocyte cytoplasm from primordial (100%), primary (99.1%), and secondary (100%) follicles. The AMH was not expressed in primordial follicles but just in few primary follicles (13.8%). On the other hand, it was highly expressed in granulosa cells from secondary follicles (67.9%). c-Kit, KL receptor, was found in the oolemma of primordial (100%), primary (100%), and secondary (100%) follicles. The KL expression was observed in oocytes and granulosa cells from primordial (94.9%), primary (91.6%) and secondary follicles (100%). Ki67 immunostaining was observed in granulosa cells from primary (5.7%) and secondary (54.8%) follicles but not in primordial follicles. In conclusion, we described the localization of GDF-9, KL, c-Kit, and Ki67 proteins and confirmed the presence of AMH protein in preantral follicles from squirrel monkey. Our results offer contribution for understanding of folliculogenesis in neotropical nonhuman primates. Moreover, these markers can be used to assess follicular viability and functionality after cryopreservation, transplantation, or in vitro culture of ovarian tissue.
Introduction
Nonhuman primates (NHPs) have been largely used as model for biomedical research, 1 including human reproduction. 2 Regrettably, 40% of neotropical NHP species are listed as vulnerable, endangered, or critically endangered due to the continuous destruction of their natural habitats. 3 However, information on key markers controlling ovarian folliculogenesis process in NHP is scarce. Besides, knowledge on the expression of strategic factors in different preantral follicles categories (primordial, primary, and secondary) supports the advances in reproductive technologies. For example, ovarian tissue cryopreservation is considered a success when follicles remain morphologically normal and are able to develop under in vitro culture conditions or after transplantation. The assessment of synchronic expression of growth factors and proper follicular activation and its subsequent development is decisive to determine the appropriateness of a technique. In this context, immunolocalization of growth, inhibitory, and proliferative factors involved in ovarian folliculogenesis is essential for understanding mechanisms of ovarian follicle development regulation and to support analyses methods of captive breeding and preservation programs of endangered Neotropical NHP.
Ovarian folliculogenesis is a complex and dynamic process in which the follicular development happens through the recruitment of the primordial follicles, with synergetic development of growing follicles until ovulation occurs. Cell proliferation, differentiation, and atresia associated with folliculogenesis is regulated by interaction of autocrine and paracrine signals, together with internal signaling pathways. 4, 5 Several intraovarian growth factors belonging to the superfamily of transforming growth factor b (TGF-b) are expressed in oocytes and granulosa cells from follicles at different stages of development, functioning as key regulators of ovarian folliculogenesis in mammals. 6 In different NHP species, for instance, the TGF member growth differentiation factor 9 (GDF-9) is involved in ovarian follicular development, participating in recruitment of primordial follicles and proliferation and differentiation of granulosa cells. 7 Moreover, GDF-9 appears to be present in different stages of ovarian follicle development in a species-specific manner. In cynomolgus monkey, GDF-9 protein expression was found in all stages of follicular development 8 ; in rhesus monkeys, it was observed in preovulatory follicular cells 9 ; in baboons, in primordial, primary, and secondary follicles. 10 Anti-Müllerian hormone (AMH) is another member of the TGF-b superfamily playing an essential inhibitory role in the maintenance of the primordial follicles pool. 2 The AMH protein is expressed in granulosa cells from follicles at different stages of development in squirrel monkeys, 2 baboons, 11 bonnet monkey ovary, 11 and marmoset. 12 Another important growth factor identified in the ovarian follicle is the receptor tyrosine protein kinase Kit (c-Kit, CD117) and its ligand Kit Ligand (KL). The c-Kit/KL system plays an indispensable role in the follicular viability, primordial follicle recruitment, follicular development, and oocyte growth in mammal species. 13 The activated c-Kit receptor participates in various signaling pathways including the regulation of cell proliferation, survival, migration, and cellular metabolism 14 as well as participates in the activation of primordial follicles. 15 In human ovaries, KL messenger RNA (mRNA) has been expressed at the primary follicular stage, and c-Kit protein can be present in oocytes and c-Kit mRNA in oocytes and granulosa cells from preovulatory follicles. 16, 17 In cynomolgus monkey, KL protein expression was found in granulosa cells, and c-Kit receptor at the oocyte cell surface from primordial follicles, 8 and in capuchin monkeys, KL mRNA was quantified in ovarian tissue. 18 Although species-specific differences are evident, studies on the dynamics of follicular development, and the relationship between growth factors, the recruitment of primordial follicles, and preantral follicles growth in Neotropical NHP are not available. Such information can help to optimize protocols of reproductive technology, serving as a tool to evaluate follicular viability and functionality. Hence, we aimed to immunolocalize the proteins GDF-9, AMH, c-Kit/KL, and Ki67 (a cell proliferation marker) at different stages of preantral follicular development in the ovaries from the Neotropical squirrel monkeys.
Materials and methods

Chemicals
Unless mentioned otherwise, the chemicals used in the present study were purchased from Sigma Chemical Co (St Louis, Missouri).
Animals
Our study was approved by the local ethical committee on Animal Research from the Evandro Chagas Institute (IEC/CEU no. 0009/2011) and by the Brazilian Institute for Wildlife and Environment (SISBIO/IBAMA no. 32632-1/2012) and followed the guidelines of the National Council of Control Animal Experimentation of Brazil. Four healthy and sexually mature squirrel monkey females (2.5-5 years old, weight range: 0.4-0.7 kg) born in captivity at National Primate Center, Pará, Brazil, were selected for our study. The females were kept indoors under a natural photoperiod and housed individually in cages (80 Â 90 Â 80 cm 3 ) at the National Primate Center. Their daily diet consisted of fresh fruits, vegetables, and commercial monkey pellets (MEGAZOO P18, Betim, Brazil). Tap water was available ad libitum.
Ovarian Tissue Collection
All procedures were performed under general anesthesia. Each animal was anesthetized with ketamine hydrochloride (cetamine 10 mg/kg, intramuscularly [IM]; Köning S.A., Avellaneda, Argentina) and xylazine hydrochloride (anasedan 1 mg/kg, IM; Köning S.A.). Anesthesia was maintained with 2% halothane (Tanohalo; Cristália, São Paulo, Brazil). The females were placed in dorsal recumbence, and ovarian biopsies were collected by exploratory laparotomy. For this, a ventral midline skin incision was made to reach the ovaries as described by Domingues et al. 19 One right ovary from each female was completely removed, cut into halves, and immediately fixed in paraformaldehyde for further histological and immunohistochemical (IHC) analyses. After surgery, the animals received antibiotics for 1 week (Chemitril; Chemitec, São Paulo, Brazil), and ibuprofen (Ketofen; Merial Saúde Animal Ltda, São Paulo, Brazil) was used to control the pain, in the 2 days following surgery.
Histological Analysis
After overnight fixation in 4% paraformaldehyde (pH 7.2) at 4 C, the ovarian fragments were dehydrated in ethanol, clarified in xylene, and embedded in paraffin wax. Serial sections (5 mm) of ovarian tissue were cut and every 10th section was mounted on glass slides and stained with hematoxylin-eosin (Merck, Darmstadt, Germany). Preantral follicles with an oocyte surrounded by 1 layer of flattened granulosa cells were classified as primordial, while primary follicles presented 1 layer of cuboidal granulosa cells surrounding an oocyte and secondary follicles presented 2 or more layers of granulosa cells surrounding the oocyte. 20 Just follicles with a visible nucleus were taken into account to avoid counting a follicle more than once. Histological sections were used to classify and count ovarian follicles that could be found in the following slides for IHC analyses, and extra sections were mounted in Superfrost Plus slides (Menzel-Glaser, Braunschweig, Germany) and submitted to IHC analysis. All sections were examined using a light microscope (Olympus, Tokyo, Japan) at a magnification of 400Â.
Immunohistochemistry
Paraffin sections were deparaffinized with xylene (Sigma-Aldrich) and rehydrated in alcohol series. The endogenous peroxidase activity was blocked with 3% H 2 O 2 diluted in methanol (for AMH and KL staining) or in deionized water (for GDF-9). The 0.3% H 2 O 2 was diluted in deionized water and was used to block peroxidase activity during Ki67 and c-Kit staining. A demasking step was performed for 75 minutes at 98 C with citrate buffer and 20% Triton X100 before sections being subjected to antigen retrieval step. Antigen retrieval steps, antibody dilutions, and incubation conditions are summarized in Table 1 . In brief, the slides were incubated for 60 minutes at room temperature with antirabbit for GDF-9 and c-Kit, antimouse for AMH, biotinylated rabbit antimouse for KL, and goat antimouse for Ki67 (Dako) secondary antibodies. For KL staining, streptavidin-HRP conjugate was also used, according to the streptavidin biotin method. Diaminobenzidine was used as a chromogen (SK4100; Vector Laboratories, Peterborough, United Kingdom). Hematoxylin was used for counterstaining, and rapid mounting medium to mount the slides (Entellan new; Merck). Negative controls consisted of the dilution solution without any primary antibody, and the following positive controls were used: hepatic carcinoma for GDF-9, human antral follicles for AMH, testicular germ cell tumor tissue for c-Kit, kidney carcinoma tissue for KL, and proliferative endometrium for Ki67. For quantitative analysis of GDF-9, AMH, KL, and c-Kit protein expression, primordial, primary, and secondary follicles were evaluated in all animals. Follicles were considered GDF-9-positive when the oocyte cytoplasm was immunostained; AMH-positive when at least 1 granulosa cell was immunostained; KL-positive when cytoplasm and cell membrane of oocytes and granulosa cells were immunostained; and for c-Kit when the oolemma of follicles showed stains. Ki67 staining was used to attest the growing status of follicles and to ensure that follicles classified as primordial were indeed at resting stage. Follicles containing at least 1 Ki67-positive granulosa cell were considered as belonging to the growing pool (primary or secondary follicles).
Results
A total of 1475 preantral follicles was examined by classical histology, and the majority of them was morphologically normal (>80%). The percentages of follicles positively stained for AMH, GDF-9, c-Kit, KL, and Ki67 at the different developmental stages (primordial, primary, and secondary) are detailed in Table 2 . All negative controls failed to show DAB-positive immunostaining, attesting the specificity of the markers.
Growth Differentiation Factor 9 Protein Expression
A total of 394 follicles (87 primordial, 235 primary, and 72 secondary follicles) were investigated, and the results of immunohistochemistry showed that GDF-9 protein was detectable by staining in oocytes cytoplasm from primordial (100%, 87 of 87), primary (99.1% + 0.5%, 233 of 235), and secondary follicles (100%, 72 of 72). The staining intensity ranged from faint (primordial and primary follicles) to strong (secondary follicles). Granulosa cells also expressed GDF-9 ( Figure 1A ).
Anti-Müllerian Hormone Protein Expression
Anti-Müllerian Hormone staining varied according to the follicular stage of development. For this immunostaining, 382 follicles were counted (168 primordial, 109 primary, and 105 secondary). The granulosa cells from primary (13.8% + 12.1%, 7 of 109) and secondary (67.9% + 23.6%, 96 of 105) follicles were marked for AMH, and no primordial follicles showed staining for AMH ( Figure 1B and C).
Cell Proliferation (Ki67 staining)
Cell proliferation was evaluated in 280 preantral follicles (133 primordial, 95 primary, and 52 secondary follicles) using Ki67 immunostaining. Some granulosa cells from primary (5.7% + 5.7%, 5 of 95) and secondary (54.8% + 21.8%, 25 of 52) follicles showed staining for Ki67, while all follicles classified as primordial showed no staining ( Figure 1D and E).
c-Kit and KL Expression
Immunostaining was performed to localize c-Kit and KL protein expression. A total of 391 follicles were analyzed, and the oolemma of primordial (100%, 112 of 112), primary (100%, 242 of 242), and secondary (100%, 37 of 37) follicles were found strongly stained for c-Kit (Figure 2A and  B) . In KL staining, 1103 follicles were evaluated, and the KL protein was expressed in oocytes and granulosa cells of primordial (94.9% + 2.4%, 762 of 814), primary (91.6% + 4.2%, 217 of 243) and secondary (100%, 46 of 46) follicles. A faint staining was present in cytoplasm and cell membrane ( Figure 2C and D) . Interestingly, KL staining was also observed in cells from epithelial surface.
Discussion
Initial folliculogenesis in Neotropical NHP, genus Saimiri, has been poorly described. We know that primordial follicles can be found from birth until senile age, when this follicular population is depleted, leading to natural menopause. 2 A morphometric study of preantral follicles in senile monkeys 20 and a detailed study on the antral follicles development in this species were also performed. 21 In the present study, we showed that ovarian follicles from squirrel monkey express GDF-9, c-Kit, and KL protein in all stages of follicular development (primordial, primary, and secondary). On the other hand, only AMH staining appears after primary stage. To the best of our knowledge, except for 1 mRNA expression study, 18 the expression of GDF-9 protein in ovarian tissue has not been investigated in Neotropical NHP as yet. The GDF-9 has a fundamental function in early folliculogenesis, 22 being involved in the recruitment of primordial follicles and proliferation and differentiation of granulosa cells. 7 The GDF-9 protein expression may vary according to the primate species. In squirrel monkeys, we observed that GDF-9 staining is present in oocytes and granulosa cells from follicles at all stages development. Similarly, in baboons, GDF-9 protein was also expressed in cytoplasm of oocytes from primordial, primary, and secondary and in the granulosa cells. 10 In cynomolgus monkey, moderate GDF-9 expression was found only in oocytes from preantral and antral follicles, while granulosa cells were not stained. 8 In rhesus monkeys, GDF-9 expression was observed in granulosa cells from preovulatory NFTS 46 (100 + 0) Oocytes/granulosa cells Abbreviations: AMH, anti-Müllerian hormone; GDF-9, growth differentiation factor 9; NFTS, no follicles in the tissue sections; KL, Kit Ligand; SEM, standard error of the mean.
follicles, 9 and in humans, its expression was encountered in oocytes of primary and secondary follicles 23 but not from primordial follicles. 24 Although GDF-9 is a so-called oocytesecreted factor, 7 our findings corroborate with fact that different GDF-9 expression in primates is species specific when oocytes and granulosa cells from follicles at different developmental stages are evaluated. Several studies have demonstrated that GDF-9 exerts a critical role in oocyte viability, 25 follicular growth, 26 and thecal cell recruitment. 27 Attempts to understand such species-specific differences in GDF-9 expression and its role on folliculogenesis are, hence, necessary.
Anti-Müllerian hormone plays an essential inhibitory role to maintain the reserve of ovarian follicles throughout reproductive life span 2 by inhibiting primordial follicle activation. 28 Expression of AMH has also been reported in some NHP species. The AMH protein is expressed in granulosa cells from follicles at different stages of development in squirrel monkeys, 2 baboons, 10 bonnet monkey, 11 and marmoset 12 ovaries. As previously reported, AMH is expressed in granulosa cells of growing follicles but not in primordial follicles from squirrel monkeys, 2 marmoset monkeys, 12 and human. 29 Differently, AMH expression in granulosa cells from ovarian follicles at all stages of development, including primordial follicles, has been reported in baboons. 10 For the first time in a Neotropical NHP, the KL/c-Kit system has been identified in ovarian follicles. The interaction between KL and its receptor c-Kit is essential for the differentiation and development of ovarian follicles in different species. 30 In our study, c-Kit immunostaining in oolemma and KL protein were found in oocytes and granulosa cells from preantral follicles. Similar findings were described in cryopreserved human ovarian follicles after xenotransplantation. 23 Brito et al 18 evaluated KL mRNA expression in ovarian tissue from capuchin monkeys after in vitro culture, but in the study these later authors did not describe KL protein localization at different stages of follicular development. Abir et al 31 reported the expression of KL and c-Kit proteins only in oocytes of primordial stages onward, in both fetal and adult ovaries. The c-Kit/KL system can assume important role in ovarian folliculogenesis in squirrel monkey, similar to other mammal species. In the communication between the oocytes and the granulosa cells, c-Kit/KL signaling may regulate the follicular viability, primordial follicle recruitment, follicular development, and oocyte growth in mammal species. 13 Follicular growth activity was confirmed by proliferation of granulosa cells, as identified by Ki67 immunostaining at all stages of follicular development, except primordial follicles. Ki67 expression in primary and secondary follicles demonstrates that growing follicles are able to continue their development and may assume a healthy follicular status.
In this study, we have immunolocalized for the first time GDF-9, KL/c-Kit, and Ki67 proteins, as well as confirmed the expression of AMH protein in ovarian tissue from squirrel monkey. We believe that our results offer an important contribution for the understanding of folliculogenesis process in Neotropical monkeys. This knowledge is an important tool to assess follicular viability and functionality after cryopreservation, transplantation of ovarian tissue, and in vitro 
